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Abstract. Correlations between particles separated by several units of pseudorapidity were discovered in high-multiplicity pp and
p–Pb collisions at the LHC. These long-range structures observed in two-particle correlation functions are reminiscent of features
seen in Pb–Pb collisions, where they are often viewed as a signature of collective behavior and the formation of a quark-gluon
plasma (QGP). Therefore, the discovery of these ‘ridges’ in small systems has implications for the study of collectivity in small
systems as well as in heavy-ion collisions. The ridges in pp and p–Pb collisions have been studied in the ALICE, ATLAS, CMS, and
LHCb experiments to characterize the pT-, η-, and multiplicity-dependences of the ridge yield, as well as its particle composition.
INTRODUCTION
Two-particle angular correlations are used to study many aspects of the physics of heavy-ion collisions, in particular
jet fragmentation and collective effects. The correlation function is defined as the distribution in relative azimuthal
angle (∆ϕ = ϕassoc −ϕtrig) and relative pseudorapidity (∆η = ηassoc − ηtrig) between trigger and associated particles. In
order to study various physical mechanisms, correlation functions can be constructed differentially as a function of,
for example, the transverse momentum (pT), species, and pseudorapidity of the trigger and associated particles, and
the centrality or multiplicity of the collision.
Correlation functions in pp collisions show characteristic features attributed to jet production: a nearside peak
localized around (∆ϕ,∆η) = (0, 0), representing pairs of particles where the trigger and associated particles are frag-
ments of the same jet, and the awayside peak localized around ∆ϕ = pi but extended in ∆η, representing pairs in which
the trigger and associated particles are in back-to-back jets. In heavy-ion collisions, the same jet features are observed,
on top of additional structures extended in ∆η around ∆ϕ = 0 and ∆ϕ = pi. These ‘ridges’ are often viewed as a signa-
ture of collective behavior and the formation of a quark-gluon plasma, and are attributed to hydrodynamic flow in the
QGP. The bulk features in the two-particle correlation function (excluding the jet components) can be described by a
Fourier series,
dN
d∆ϕ
∝ 1 + 2vtrig1 vassoc1 cos(∆ϕ) + 2vtrig2 vassoc2 cos(2∆ϕ) + 2vtrig3 vassoc3 cos(3∆ϕ) + ... (1)
where the v2 term is dominant in all but the most central collisions. Measuring v2 and the other vn components has
been critical to determining the properties and dynamics of the medium created in heavy-ion collisions.
Causality arguments suggest that the origin of correlations between particles separated in η should be in the
very early stages of the collisions, either in the initial state or in the initial energy distribution. In the latter case,
collective behavior is needed to transform the spatial correlations into the observed momentum-space correlations.
The discovery of long-range ∆η correlations (a ridge) on the nearside (around ∆ϕ = 0) in high multiplicity collisions
of small systems, pp [1] and p–Pb [2], therefore informs theories concerning the initial state of nuclear collisions and
collective behavior in small and large systems.
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FIGURE 1. (left) The two-particle correlation function in high-multiplicity p–Pb collisions shows a ridge around ∆ϕ ∼ 0. (center)
The correlation function in low-multiplicity collisions shows no visible ridge. (right) The subtracted distribution reveals the double
ridge structure [3].
Ridges in p–Pb collisions
The nearside ridge has been observed in high-multiplicity p–Pb collisions by ALICE [3], ATLAS [4], CMS [2], and
LHCb [5]. Furthermore, it was observed that the nearside peak yields are mostly independent of multiplicity [6],
meaning that for the same trigger and associated pT the same jet population is selected regardless of multiplicity. This
served as justification to subtract the correlations in low-multiplicity events from the high-multiplicity correlation
functions in order to remove correlations due to jet and minijet fragmentation. This subtraction procedure, shown in
Fig. 1, showed the nearside ridge more clearly and also revealed a symmetric ridge on the awayside [3, 4], which
is reminiscent of the ridges attributed to flow in heavy-ion collisions. This ‘double ridge’ structure was decomposed
into Fourier coefficients (Eq. 1) in order to extract the parameter v2. However, it is important to note that the physical
mechanism leading to a non-zero v2 is still under theoretical debate, and the presence of v2 does not necessarily imply
the existence of hydrodynamics or a QGP in small systems.
Further studies in p–Pb collisions measured v2 as a function of pT for various particle species: pi±, K±, p( p¯), K0S ,
and Λ(Λ¯). The observed v2, shown in Fig. 2, shows similar mass ordering as was observed in Pb–Pb collisions [7, 8].
Additionally, higher-order vn coefficients were measured, and shown to be non-zero up to n = 5 [9]. Finally, v2 was
measured using the multiparticle cumulant method, which measures multiparticle correlations while subtracting all
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Fig. 4. The v2 results for K0S (filled squares) and Λ/Λ (filled circles) particles as a function of pT for three multiplicity ranges obtained from minimum bias triggered PbPb
sample at 
√
sNN = 2.76 TeV (top row) and pPb sample at √sNN = 5.02 TeV (bottom row). The error bars correspond to statistical uncertainties, while the shaded areas 
denote the systematic uncertainties. The values in parentheses give the mean and standard deviation of the HF fractional cross section for PbPb and the range of the fraction 
of the full multiplicity distribution included for pPb.
Fig. 5. Top row: the v2 results for K0S (filled squares), Λ/Λ (filled circles), and inclusive charged particles (open crosses) as a function of pT for four multiplicity ranges 
obtained from high-multiplicity triggered pPb sample at 
√
sNN = 5.02 TeV. Middle row: the v2/nq ratios for K0S (filled squares) and Λ/Λ (filled circles) particles as a function 
of KET/nq , along with a fit to the K0S results using a polynomial function. Bottom row: ratios of v2/nq for K
0
S and Λ/Λ particles to the fitted polynomial function as a function 
of KET/nq . The error bars correspond to statistical uncertainties, while the shaded areas denote the systematic uncertainties. The values in parentheses give the range of the 
fraction of the full multiplicity distribution included for pPb.
high-multiplicity ranges, the v2 values of K0S particles are larger 
than those for Λ/Λ particles at each pT value. Both of them 
are consistently below the v2 values of inclusive charged parti-
cles. As most charged particles are pions, the data indicate that 
lighter particle species exhibit a stronger azimuthal anisotropy sig-
nal. This mass ordering behavior is consistent with expectations 
in hydrodynamic models and the observation in 0–20% central-
ity pPb collisions [31]. A similar trend was first observed in AA
collisions at RHIC [28,29]. At higher pT, the v2 values of Λ/Λ par-
ticles are larger than those of K0S . The inclusive charged particle 
v2 values fall between the values of the two identified strange 
hadron species but are much closer to the v2 values for K0S parti-
FIGURE 2. (left) The v2 of pi, K, and p as well as inclusive unidentified hadrons was measured as a function of pT in p–Pb with
the subtraction method [7]. (right) The v2 of K0S and Λ as well as inclusive unidentified hadrons was measured with the harmonic
decomposition technique [8].
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FIGURE 3. (left) The v2 of particles at midrapidity was measured as a function of pseudorapidity relative to v2(η = 0) [13]. (right)
The v2 of forward muons was measured as a function of pT [14]. Both results show that the v2 is higher for particles traveling in
the Pb-going direction than in the p-going direction.
lower-order correlations, as well as the Lee-Yang Zeros method [10]. The agreement of the v2{4}, v2{6}, v2{8}, and
v2{LYZ} measurements demonstrates that the double ridge structure is a global correlation amongst many particles in
a given event.
Several theoretical explanations have been proposed to explain the ridge in pp and p–Pb collisions, such as
higher-order glasma graphs within a Color Glass Condensate (CGC) picture, hydrodynamics in small systems, and
others (see for example [11, 12]). Since some models make different predictions for the η-dependence of the ridge,
making such a measurement may enable us to differentiate between theories for the physical mechanism responsible
for the ridge phenomenon. To this end, several experiments have measured the η-dependence of the ridge. CMS
measures v2(η) at midrapidity up to |η| = 2.4 while ALICE and LHCb measure v2 and the ridge at forward rapidity
up to η ∼ 4 and η ∼ 5, respectively. Because the LHC provided circulating proton and lead beams in both directions,
the experiments were able to take data in both p–Pb and Pb–p configurations, and measure observables in both the
p-going and Pb-going directions with the same experimental setup and under the same conditions.
Fig. 3 shows a measurement from two-particle correlations where the trigger particle is fixed in the range 2.0 <
|ηtrig| < 2.4 and the pseudorapidity of the associated particle (ηassoc) is varied. In the ratio of vtrig2 vassoc2 measured at a
given pseudorapidity to the vtrig2 v
assoc
2 at η = 0, the v2 of the trigger particle cancels out, leaving only v2(ηassoc)/v2(0)
as a function of ηassoc as shown in the figure. It is observed that the measured v2 is larger for associated particles in
the Pb-going direction than in the p-going direction.
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FIGURE 4. Correlation functions between trigger and associated particles in the range 2.0 < |η| < 4.9 show that the ridge yield is
identical in both directions when compared in the same absolute multiplicity bins [5].
FIGURE 5. The ridge yield in
√
s = 13 TeV pp collisions is shown as a function of multiplicity (left) and pT (right) [16]. No
significant dependence on the center-of-mass energy is observed. (Note that these Preliminary results have been superseded by the
results published in [17].)
The CMS finding was confirmed in the pT-differential study of the v2 of forward muons in ALICE. In this
analysis, the correlations between mid-rapidity charged hadrons reconstructed as ‘tracklets’ in the Inner Tracking
System (ITS, |η| < 1) and forward muons detected in the Forward Muon Spectrometer (FMS, −4 < η < −2.5) are
constructed in the highest 20% multiplicity events and the lowest 40% multiplicity events. The correlation functions
in low-multiplicity events are subtracted from those in high-multiplicity events, and then fit with a Fourier series to
extract vµ2{2PC,sub}, which is shown as a function of pT in Fig. 3. Furthermore, the ratio of vµ2{2PC,sub} in the Pb-going
direction to the vµ2{2PC,sub} in the p-going direction is roughly independent of pT within statistical and systematic
uncertainties, and a constant fit to the ratio yields 1.16 ± 0.06. The data were compared to an AMPT [15] simulation,
which qualitatively describes the pT-dependence at low pT, but shows significant quantitative differences in both the
pT- and η-dependences.
LHCb also confirms that for a given relative event activity (i.e. mutiplicity percentile), the ridge is stronger in
the Pb-going direction than in the p-going direction. However, when comparing correlation functions in both beam
configurations with the same absolute event activity (defined by particle production in 2.0 < η < 4.9), as shown in
Fig. 4, it is observed that the nearside ridge magnitude is the same in both hemispheres. This new observation will
serve to constrain models of η-dependence of the ridge yield.
Ridges in pp collisions
The nearside ridge in pp was first observed by CMS in high multiplicity collisions at
√
s = 7 TeV, and further
measurements showed that it was most prominent in the intermediate pT region (1 . pT . 3 GeV/c) [1]. First
results at a higher beam energy of
√
s = 13 TeV once again clearly showed the existence of the nearside ridge [16].
Measurements performed in ATLAS of the ridge yield as a function of multiplicity and pT showed no significant
differences between the two center-of-mass energies [16]. However, it should be noted that there are differences
between the two analyses (for example, in the definition of the multiplicity Nch and the |∆η| integration range) which
prevent a precise comparison between the ATLAS and CMS results. Despite significant challenges due to the influence
of jets in pp collisions, later work by ATLAS produced a measurement of v2 in pp collisions at
√
s = 13 TeV [17].
Conclusions
The nearside and awayside ridge structures observed in two-particle correlations have been studied and characterized
in measurements from ALICE, ATLAS, CMS, and LHCb. The double ridge structure in p–Pb collisions has been
quantified by the parameter v2, which shows a similar pT-dependence as in Pb–Pb, as well as mass splitting like
that observed in heavy-ion collisions. Furthermore, it was observed that the v2 is higher for particles in the Pb-going
direction than in the p-going direction, when compared at the same relative multiplicity. However, the ridge yield is
identical in the positive- and negative-η directions for the same absolute multiplicity. These observations will serve to
constrain future model calculations of collective dynamics in p–A collisions. The first measurements of the ridge in pp
collisions at
√
s = 13 TeV show no significant difference from the results at
√
s = 7 TeV, and the first measurement
of v2 in pp collisions has been performed. The observation of long-range ∆η correlations in small collision systems at
the LHC has significant implications for our understanding of the initial energy distribution of colliding protons (and
larger nuclei) and the presence of collectivity over small length- and short time-scales.
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